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The formation of mineralized deposits in human articular
cartilage is a common occurrence1e4; however, the relationship
between mineral deposition and material properties of the artic-
ular cartilage is not well understood nor the relationship between
mineral deposition and the development of degenerative joint
disease. Several different crystalline structures have been identiﬁed
in articular cartilage and synovial ﬂuid including monosodium
urate, calcium pyrophosphate dihydrate (CPPD), and basic calcium
phosphates (BCPs). These distinct mineral phases are associated
with speciﬁc pathologies and mechanisms of crystal formation
such as the development of monosodium urate in gout and CPPD in
pseudogout. Less is known regarding the deposition of BCPs, a class
of compounds including carbonate-substituted hydroxyapatite
(cHA), tricalcium phosphates (TCP), octacalcium phosphate (OCP),
and whitlockite, in articular cartilage. The presence of BCP calciﬁ-
cation of articular cartilage in humans has been associated with
decreased joint function1, 3, aging2 and severity of osteoarthritis1, 3.
Commonly used methods of crystal detection such as polarized
light microscopy of synovial ﬂuid and conventional radiography ofo: Maria L. Roemhildt, 428
er, Department of Orthopae-
sity of Vermont, Burlington,
-4247.
.L. Roemhildt).
s Research Society International. Pthe joint can be insensitive to the detection of BCP crystals and
more sensitive techniques such as microradiography or electron
microscopy of articular cartilage sections are required to detect
areas of BCP mineralization3, 5, 6. It is not yet known how regions of
mineralization may inﬂuence the tribological properties (friction,
wear, and lubrication) of the articulating surfaces and the material
and structural properties of articular cartilage. Animal models with
which to study the mechanisms of mineralization of articular
cartilage are limited.
The current study provides the ﬁrst description of the occur-
rence and composition of mineralized cysts in the articular carti-
lage of the mature Sprague-Dawley rat and examines the effect that
mineralization of articular cartilage has on the biomechanical
properties (aggregate modulus, permeability, and Poisson’s ratio).
Results indicate that mineralization of articular cartilage is
common in these animals and that the composition of the miner-
alizations and area of articular cartilage affected is analogous to
deposits of BCPs in human articular cartilage. The aggregate
modulus of the articular cartilage at the mineralized locations was
decreased as compared to adjacent unmineralized control loca-
tions. The diminished aggregate modulus reduces the ability of the
cartilage to support compressive loads and may contribute to the
development of degenerative changes. The Sprague-Dawley rat
provides an animal model with which to study the mechanism of
basic calcium phosphate deposition and investigate whether
mineralization contributes to the onset and development of
degenerative changes of the joint.ublished by Elsevier Ltd. All rights reserved.
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Tibia plateaus from male Sprague-Dawley rats 9e12 months of
age were excised following euthanasia and examined (n¼ 11 rats).
NIH guidelines for the care and use of animals were observed. Each
tibial plateau was photographed prior to collection of a mCT scan
using a GE Explore Locus Volumetric Conebeam scanner
[(20.3 mm)3 voxel size; n¼ 22 plateaus].
Biomechanical characterization
The material properties (aggregate modulus, permeability and
Poisson’s ratio) of mineralized and normal regions of articular
cartilage were evaluated using a biphasic creep-indentation test
and cartilage thickness determined using the needle probe test
(n¼ 10 tibial plateaus; 9 months of age)7. Cartilage materialFig. 1. A) Superior view of rat tibial plateau showing isosurface of reconstructed mCT image
same specimen in which areas of well-developed mineralizations appear as white spots on
section of the medial compartment of the tibia plateau illustrating the articular surface (ǂ
Magniﬁed image of mineralized region depicted in Panel C illustrating the mineralized area
at which energy dispersive spectra were collected, (E) Representative energy dispersive spe
regions are phosphorus (P), calcium (Ca) and oxygen (O) with minor traces of magnesiumproperties indicate the tissue’s load-bearing properties and alter
with maturation, aging and degeneration8. Aggregate modulus is
associated with load-bearing capacity, is reﬂective of collagen
integrity and proteoglycan content7, 9, and diminishes with carti-
lage degeneration10. Permeability determines the rate of ﬂuid ﬂow,
is responsible for the creep rate and is reﬂective of the proteoglycan
content7, 9. As proteoglycan content decreases with cartilage
degeneration, permeability is increased10. Poisson’s ratio is the
ratio of transverse strain (perpendicular to the applied load) to the
axial strain (in the direction of the applied load).
Regions of mineralized articular cartilage (mineralization
250 mm diameter) were identiﬁed on reconstructed mCT iso-
surfaces and selected for mechanical evaluation. Testing was per-
formed at the identiﬁedmineralized site (n¼ 10) and at an adjacent
nonmineralized location as a site-matched control (n¼ 10) using
a custom materials testing device11. Indentation testing usedand areas of mineralization within the articular cartilage (=), (B) Photograph of the
the articular surface (=), (C) Representative backscattered electron image of a coronal
), mineralized region of articular cartilage (/) and underlying subchondral bone, (D)
(*) and underlying calciﬁed cartilage (#). Numbered points illustrate some of the points
ctra of two mineralized particles illustrating the main components of the mineralized
(Mg) and sodium (Na).
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and a phosphate buffered saline bath with protease inhibitors.
Following application of a tare load (0.044 MPa) for 15 minutes, the
indentation test proceeded with the application of the test load
(0.125 MPa)11, 12. Data were sampled at 1 Hz until displacement
reached equilibrium (<0.2 mm change in displacement over a 300 s
period). Following a period of recovery equal to the test duration,
the thickness of the articular cartilage at the testing site was
determined using a needle probe test; in which a parabolic shaped
needle was driven into the cartilage at 0.05 mm/s until a maximum
load of 250 g was reached, average of three trials11, 12. The surface
of the articular cartilage and tidemark were determined from
the force-displacement plot to determine cartilage thickness11.
Material properties of the articular cartilage were determined by
curve-ﬁtting the load-displacement response with the biphasic
indentation creep solution via a nonlinear regression procedure7, 11.
A paired t-test was used to compare material property data
between mineralized and control sites for each outcome measure.
Histological characterization
Ten plateaus (12 months of age) were formalin ﬁxed, decalciﬁed
with Ethylenediaminetetraacetic acid (EDTA), and parafﬁn
embedded13. The posterior half of the tibial plateau was sectioned
at 5 mm in the coronal plane. Five serial sections collected at 200-
mm intervals were evaluated for each plateau. Sections were
deparafﬁnized and stained with Safranin O and Fast Green (SOFG)
or Hematoxylin and Eosin13 prior to examination under light
microscopy (BX50, Olympus Inc.) ﬁt with digital camera (RET-
2000R-F-CLR-12-C, QImaging). Digital images of the medial and
lateral compartments were collected (12001600 pixels) and used
to quantify the area of articular cartilage in each compartment thatFig. 2. Coronal osteochondral sections showing representative cyst-like regions (=) in the a
Hematoxylin and Eosin (AeD) and corresponding serial section below stained with SOFG
deposits resided and coincide with mineralized regions as observed by mCT and surface whwas mineralized. The articular surface and tidemark were identi-
ﬁed on SOFG images to determine the total cartilage area and the
perimeter of each mineralized area was identiﬁed manually using
custom software written in MATLAB (MathWorks, Natick, Massa-
chusetts). Cartilage degeneration was evaluated using the OARSI
guidelines for the rat14 and the degeneration score component
reported.
Compositional analyses
Two plateaus were formalin ﬁxed, dehydrated and embedded in
Epon-812 (Electron Microscopy Sciences, Hatﬁeld, PA)15. Five thick
sections were prepared from each plateau and examined with
a scanning electron microscope (SEM) (Hitachi 2460N, Pleasanton,
CA) using backscattered electrons (BSE) and energy dispersive
spectroscopy (EDS). Areas of mineralized cartilage, normal carti-
lage, and subchondral bone were evaluated and compared to
known standards. The scope was operated at 20 kV and EDS was
performed with an Oxford Instruments ISIS EDS systemwith a light
element detector.
Results
Review of the mCT scans found mineralization of the articular
cartilage present in 21/22 of the tibia plateaus (Fig. 1A). Areas of
mineralization coincided with regions of white spots observed
grossly on the articular surface (Fig.1B) and cartilage cysts observed
histologically (Fig. 2). Mineralized regions occupied 1.03% [95% CI:
0.28e2.30%; Range: 0e14.21%] or 9,451 mm2, and 1.47% [95% CI:
0.75e1.49%; Range: 0e6.83%] or 5,008 mm2 of the articular cartilage
area in the medial and lateral compartments respectively. The
cartilage degeneration score was 7.9 [95% CI: 5.1e10.7] in therticular cartilage, which were mineralized prior to histological processing, stained with
(EeH). The substructure within these regions represent vestiges where large mineral
ite spots (Fig. 1 A-B). Little Safranin O staining was observed within cysts.
Table I
Material properties and thickness of articular cartilage at mineralized and control sites
Test location Aggregate modulus (MPa) Permeability (1015m4/Ns) Poison’s ratio Thickness (mm)
Control 1.46 (1.27e1.65) 0.61 (0.44e0.78) 0.23 (0.17e0.29) 0.25 (0.21e0.28)
Mineralized 1.18 (1.07e1.29) 0.77 (0.56e0.98) 0.20 (0.13e0.27) 0.25 (0.21e0.29)
D (Min-Control) 0.27 (0.51e0.04) 0.17 (0.03e0.37) 0.03 (0.10e0.03) 0.00 (0.06e0.05)
P-value 0.04 0.13 0.48 0.76
Mean (95% conﬁdence intervals presented), n¼ 10 for each measure.
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compartment (maximum score¼ 15). Little correlation was
observed between area of mineralized cartilage and cartilage
degeneration score, r2¼ 0.021 and 0.003, respectively for the
medial and lateral compartments respectively.
The mean aggregate modulus of articular cartilage of the tibia
plateau was diminished 19% in mineralized sites as compared to
control sites (Table I). Permeability, Poisson’s ratio, and cartilage
thickness did not differ signiﬁcantly between mineralized and
control sites
SEM revealed a particulate structure in the mineralized areas
(Fig. 1C). Elemental analysis found these regions to contain oxygen
(61.1 atomic%), phosphorus (15.1%), calcium (22.6%), and magne-
sium (0.38%) (Fig. 1DeE; Supplemental data Fig. S1). The mean
calcium (Ca) to phosphate (P) ratio was 1.50 (95% CI: 1.47e1.53;
n¼ 8 randomly sampled particles) which is consistent with whit-
lockite, b-TCP, and amorphous calcium phosphates whose Ca/
P¼ 1.50 as compared to HA (Ca/P¼ 1.67), biological apatite (Ca/
P¼ 1.61), or CPPD (Ca/P¼ 1.00). The Ca/P ratio of the subchondral
bone was 1.62 (95% CI: 1.58e1.66) corresponding to biological
apatite. Levels of calcium and phosphate in non-mineralized
regions of articular cartilage did not differ from background levels.Discussion
Thiswork provides the ﬁrst detailed description of mineralization
of articular cartilage in the mature Sprague-Dawley rat and
demonstrates that mineralization is common in animals of this age.
The relative area of tibial articular cartilage affected by mineraliza-
tions in the rat is comparable to the area of mineralization observed
in non-diseased human articular cartilage retrieved from donors
11e40 years of age2. The mineralized regions of articular cartilage
exhibited considerable substructure; SEM analysis revealed discrete
aggregates of mineralized material and variation in the mineral
content (Fig. 1 C-D and Supplemental Fig. S1), while images of
demineralized histological sections displayed organic vestiges of the
formerly mineralized regions (Fig. 2) which resemble apoptotic
bodies. Little staining for proteoglycans or collagen was observed
within cysts (Fig. 2 and Supplemental Fig. S2).
This work indicates that mineralization alters the biome-
chanical properties of the articular cartilage. The decreased
aggregate modulus in the mineralized locations of articular
cartilage as compared to control locations on the tibial plateau
diminishes the ability of the cartilage to support compressive
loads and may contribute to the development of articular carti-
lage degeneration. Although the stiffness of single crystals of
BCPs is orders of magnitude greater than that of articular carti-
lage16, the amorphous aggregate nature of cartilage mineraliza-
tions provides a decrease in the material properties which
decreases the capacity of the cartilage to support compressive
loads. This work evaluated regions of articular cartilage con-
taining mineralizations of varying size, shape and location. The
effect of variations in size, location, and morphology of the
mineralized regions on the resulting biomechanical properties
remains to be investigated.The presence of mineralized areas of articular cartilage needs to
be considered when using this animal model to study the disease
processes affecting the joint as the presence of mineralization may
confound metrics of analysis. For example, scoring systems of
cartilage degeneration do not consider these mineralized cysts and
their presence is often ignored although recent work suggests that
BCP mineralization of articular cartilage may be an indissociable
process of osteoarthritis3. The mineralized regions observed in the
present study were acellular; however, according to degenerative
scoring systems it is not clear if these regions should be ignored or
identiﬁed as areas of chondrocyte loss14. Histological analysis found
that smallermineralizations were typically observed in themid and
deep zones of the articular cartilage. As the mineralizations
increased in size they would span the articular cartilage from the
tidemark to the articular surface; crossing of the tidemark was not
observed in this study (Fig. 2). Little correlation was observed
between cartilage degeneration score and the area of the cartilage
mineralized. This may be due in part to the insensitivity of the
scoring system to early degenerative changes as well as areas
formerly occupied by mineralized cysts may not be identiﬁable if
the superﬁcial zone of the articular cartilage has been compro-
mised and the cyst contents released into the joint ﬂuid.
Elemental analysis of mineralized regions identiﬁed a Ca/P ratio
of 1.5, which is consistent with amorphous calcium phosphate,
whitlockite, and TCP. Further investigation is required to determine if
the mineralizations reported here are crystalline or associated with
nanoscale crystals of magnesiumwhitlockite commonly observed in
human articular cartilage4,5. The morphology and composition of
mineralizations observed in this work appear consistent with those
previously reported in human articular cartilage that were identiﬁed
as primarily BCP1 and similar mineralizations have been reported in
lapine articular cartilage17 and themenisci of guinea pigs18 as well as
human degenerated intervertebral disc19 and menisci20. Powder
X-ray diffraction to deﬁnitively identify the phases and proportions
of calcium phosphates present requires pooling these small miner-
alizations from a large number of animals and efforts to date have
been inconclusive due to limited sample volume.
The mature Sprague-Dawley rat provides an animal model with
which to study the mechanisms underlying cartilage mineraliza-
tion by calcium phosphates and allows future investigations
exploring whether mineralization of articular cartilage contributes
to the development of degenerative joint changes.
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